Background: New structures of apolipoprotein (apo)A-IV reveal aligned, conserved proline residues of unknown function. Results: Increasing deletion of prolines stabilizes apoA-IV and increases self-association but also increases lipid affinity and cholesterol efflux. Conclusion: Proline residues play a concerted role in destabilizing the apoA-IV structure and modulate its function. Significance: This is the first detailed study of the structural role of proline and of a stable trimeric exchangeable apolipoprotein.
Apolipoproteins, well known for their lipid binding properties, function as critical transport molecules that mobilize and deliver lipids throughout the body. Apolipoprotein (apo)A-IV, 3 the largest member of the exchangeable apolipoproteins family at 44 kDa, is a major component of HDL and is present on freshly secreted chylomicrons. Despite being the third most abundant protein associated with HDL (1), its biological role is unsettled. ApoA-IV production is increased during food intake, supporting a possible role in lipid absorption and satiety (2, 3) . In addition, apoA-IV has been shown to prevent oxidation of lipids and suppress inflammation (4, 5) . More recent studies have implied a potentially important role in altering the glucose sensitivity of pancreatic islets to alter insulin secretion (6) . However, the mechanistic details for these functions remain unclear, in part because of a lack of structural understanding.
In general, high-resolution structural studies of lipid-free apolipoproteins have been challenging due to their ability to interconvert between multiple self-associated oligomeric states. To aid in this process, several studies have identified stable apolipoprotein point mutants and truncations that are more amenable to characterization. We identified a stable, truncated version of apoA-IV through limited proteolysis that retained the ability to form reconstituted lipoprotein particles (7) and resolved its x-ray crystal structure at 2.4 Å (8) . As expected, apoA-IV is highly helical, consisting of a large helical bundle domain. Interestingly, the dimeric structure revealed that self-association occurs through a "helix swap" mechanism (described in detail in Deng et al. (8) ), which integrates one helix from one chain with three helices from another chain to form tandem, head-to-tail four-helix bundle motifs (see Fig. 1 ). A similar dimerization mechanism was also observed in the crystal structure of an apoA-I truncation mutant (9) , suggesting a common mechanism of self-association among apolipoproteins. These structures have been enlightening with respect to extrapolating to the lipid-bound forms of these apolipoproteins, at least in nascent discoidal HDL particles. Both models can be envisioned to open two helical hairpin "doors" to wrap around phospholipid acyl chains. This offers the first straightforward explanation for how two apolipoprotein molecules can interact while forming discoidal particles composed of antiparallel bi-helical belts as originally proposed by Segrest et al. (10) for apoA-I.
Although the apolipoproteins are indeed helical as suspected from their primary structure, they are punctuated by highly conserved proline residues, often spaced 22 amino acids apart (11, 12) . This segmentation is particularly notable in apoA-IV. Biologically, proline mutations in apolipoproteins have been related to numerous disease states. Lipoprotein glomerulopathy can result from numerous proline mutations in apoE (13) (14) (15) . Natural proline mutations in apoA-I have been related to low HDL cholesterol, premature coronary heart disease (16) , lower level of lecithin:cholesterol acyltransferase (LCAT) activation (17) , and renal amyloidosis (18) . Additionally, proline mutation in apoA-II also causes amyloidosis in mice (19) .
Structurally, these residues are commonly thought to terminate helical secondary structure, creating segmentation because they disrupt the hydrogen-bonding pattern of a helix. In fact, the Picket Fence model (20) , the Belt model along with its variations (10, (21) (22) (23) (24) , and the Double-Super Helix model (25) for apoA-I in HDL all feature proline residues for segmentation and/or induction of curvature in the structures. Initial observations on apoA-I revealed that the prolines were not simply involved in turns, but could occur in the middle of a helix, providing a significant bend to its direction (26) . In our crystal structure of apoA-IV, some of the conserved prolines cause helical turns, whereas others cause "kinks" or slight bends in an otherwise continuous helix (8) . Interestingly, the prolines tended to "line up" in direct opposition across the dimer interface (see Fig. 1 , B and C), indicating an important functional role.
Despite their high conservation in the exchangeable apolipoproteins, the roles of prolines in terms of structure, stability, function, and oligomerization have not been systematically investigated. Taking advantage of the detailed structural understanding of the apoA-IV core helical domain from the crystal structure, we took the opportunity to carefully characterize the role of these aligned proline residues on the structural and functional properties of apoA-IV.
EXPERIMENTAL PROCEDURES
Mutagenesis-Point mutations to convert proline to alanine residues were done following a previously published protocol based on the QuikChange TM site-directed mutagenesis protocol (27) . Mutations were confirmed by DNA sequencing.
Protein Expression and Purification-Recombinant human apoA-IV WT and various proline mutants were produced and purified in Escherichia coli as described previously (8) . Size exclusion chromatography (SEC) using a HiLoad 16/60 Superdex 200 (GE Healthcare) column was performed to isolate oligomeric species for the various constructs. The isolated oligomeric species were concentrated at 4°C using Amicon Ultra-15 centrifuge filter units.
Sedimentation Velocity-Analytical ultracentrifugation experiments were performed using a Beckman XL-I equipped with absorbance optics and a four-hole rotor. Sedimentation velocity was performed in a two-channel carbon-filled Epon centerpiece at 48,000 rpm, 20°C with protein concentration at 0.15 mg/ml that had been dialyzed into 20 mM NaPO 4 , pH 7.4, 100 mM NaF. Absorbance at 215 nm was used to monitor the protein, and data were analyzed using Sedfit (28) .
SEC-To determine oligomeric redistribution over time, purified protein was diluted to 0.15 mg/ml, a physiological concentration, in PBS with 1 mM EDTA and incubated at 37°C. At varying time points, 300 l of sample was collected and examined using the Superdex 200 10/300 (GE Healthcare) gel filtration column. The elution process was monitored with absorbance at 235 nM.
Chemical Cross-linking-The isolated trimer of P117/ P139A/P161A/P183A apoA-IV was cross-linked with bis(sulfosuccinimidyl) suberate as reported previously (25) . Freshly solubilized bis(sulfosuccinimidyl) suberate (spacer arm of 11.4 Å) was added to the protein solutions at molar ratios of crosslinker to protein of 50:1. The samples were incubated at 4°C for 12 h. After quenching with an excess of Tris-HCl, the crosslinked proteins were exhaustively digested with trypsin at a 1:20 mass ratio of trypsin to apoA-IV for 2 h at 37°C followed by a second spike of trypsin and another 2-h incubation. The resulting peptides were then lyophilized to dryness and stored at Ϫ80°C until analyzed by MS.
Mass spectrometry and Interpretation-Nano-LC-MS/MS analyses were performed on a TripleTOF 5600ϩ (AB SCIEX, Toronto, Ontario, Canada) coupled to an Eksigent (Dublin, CA) NanoLC-Ultra nanoflow system. Dried samples were reconstituted in formic acid/H 2 O 0.1/99.9 (v/v), and 5 l (containing 1-3 g of digest) was loaded onto C18 IntegraFrit TM trap column (outer diameter of 360 m, inner diameter of 100, and 25-m packed bed) from New Objective, Inc. (Woburn, MA) at 2 l/min in formic acid/H 2 O 0.1/99.9 (v/v) for 15 min to desalt and concentrate the samples. For the chromatographic separation, the trap column was switched to align with the analytical column, Acclaim PepMap100 (inner diameter of 75 m, length of 15 cm, C18 particle sizes of 3 m, and pore sizes of 100 Å) from Dionex-Thermo Fisher Scientific. The protein was eluted at 300 nl/min using a varying mobile phase gradient from 95% phase A (formic acid/H 2 O 0.1/99.9, v/v) to 40% phase B (formic acid/acetonitrile 0.1/99.9, v/v) for 35 min (1% per min) and then from 40% B to 85% B in 5 min with re-equilibration. The effluent from the nano-LC was introduced into the mass spectrometer using a NanoSpray III source (AB SCIEX). The instrument was operated in positive ion mode for 65 min, where each cycle consisted of one TOF-MS scan (0.25-s accumulation time, in a 350 -1500 m/z window) followed by 30 information-dependent acquisition mode MS/MS scans on the most intense candidate ions selected from an initially performed TOF-MS scan during each cycle. Each product ion scan was operated under vender-specified high-sensitivity mode with an accumulation time of 0.075 s and CE of 43 with an 8-unit scan range. The .wiff files were converted to Mascot generic files using a file converting algorithm embedded in the PeakView v1.2.0.3 software (AB SCIEX) and uploaded into Cross-ID. Given the sequence of apoA-IV, the cross-linker used, the isotopic possibilities, and the enzyme used for peptide generation, the program first identifies all possible cross-link interactions based on a userdefined window of error for each mass detected in the experiment (20 ppm for this instrument). Once candidate identifications are determined, the program then compares theoretical MS/MS fragmentation patterns to the actual data, generating a probability score that reflects the confidence of the identification. These identifications are then visually verified by experienced personnel before the cross-link is declared valid.
DMPC Clearance Assay-The ability for apoA-IV and various mutants to emulsify suspended 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (Avanti Polar Lipids) was tested using a DMPC clearance microplate protocol based on previously published methods (7) . DMPC was prepared in buffer, and protein concentration was 0.21 mg/ml, with a 3:1 ratio of DMPC:protein. In a 96-well plate (Fisher catalog number 12-565-501), 25.4 l of DMPC and 7.6 l of Tris buffer (25 mM Tris, pH 8.5, 150 mM NaCl, and 1 mM EDTA) were pipetted into one well, and 200 l of protein sample was pipetted into another well. The plate was then incubated for 10 min in a BioTek Synergy TM HT microplate reader that was preheated to 26°C. After 10 min, protein sample was transferred to the well containing DMPC and Tris buffer, and the well was monitored for 325 nm absorbance in 30-s intervals for 30 min.
Cholesterol Efflux Assay-Fatty acid-free BSA was acquired from EMD Millipore Calbiochem. 8-bromo-3Ј-5ЈcAMP was from Sigma-Aldrich. Fetal bovine serum was from was from Gemini Bio-Products (West Sacramento, CA). PBS was from Thermo Fisher Scientific. RAW 264.7 mouse macrophages were from the American Type Culture Collection (Manassas, VA). The Amplex Red cholesterol assay kit was from Life Technologies.
The transformed mouse macrophage cell line RAW 264.7 (ATCC) was maintained in Dulbecco's modified eagle mediumhigh-glucose (DMEM) supplemented with 10% FBS. Cells were grown to 80% confluency in a 48-well plate, and then growth medium (DMEM/10% FBS) was replaced with that containing 1.0 Ci/ml [1, [2] [3] H]cholesterol and 0.3 mM 8-bromo-3Ј-5ЈcAMP for 16 h to stimulate ABCA-I expression. Following a PBS wash, treatment medium (DMEM with 0.2% fatty acid-free BSA and 0.3 mM 8-bromo-3Ј-5Ј cAMP) with and without lipidfree apolipoprotein acceptors at 10 g/ml (apoA-I, apoA-IV, or apoA-IV P117/P139A/P161A/P183A trimer) was added at t ϭ 0 h and incubated at 37°C. After 6 h, the efflux medium was removed and spun at 1,000 ϫ g for 5 min to remove any cells from the medium. The medium was analyzed by liquid scintillation counting.
Small-angle X-ray Scattering-Small-angle x-ray diffraction (SAXS) data on the quadruple proline mutant was collected at beam line 12-ID-B at the Advance Photon Source located in Argonne National Laboratory (see Table 1 ). A flow cell was used to reduce radiation damage. 120 l of sample was loaded into the flow cell and oscillated during the course of data collection. Data were collected at room temperature, with an exposure time of 1.0 s, and a total of 30 images were taken for each sample. Small angle diffraction images were captured using a Pilatus 2M detector. Data collected were subtracted, examined, and averaged using PRIMUS (29) . Also in PRIMUS, R g was determined, and D max was calculated using AutoGNOM (see Table 1 ) (30) . GNOM was used for indirect transformation, and GASBOR was used for ab initio reconstruction (31) . Depending on the data set, dimer (P2) or trimer symmetry (P3) was used as a constraint in GASBOR. For the trimer reconstruction, P1 as a symmetry constraint was also tested, and a similar trefoil was observed as with P3. Ten independent ab initio reconstructions for each oligomeric form of apoA-IV were averaged using the DAMAVER package (32) . The superposition of our full-length model of the apoA-IV trimer was performed using SUPCOMB (33) .
RESULTS
Upon resolution of the apoA-IV crystal structure, it was apparent that dimerization resulted from extensive contacts between monomers that buried a substantial hydrophobic core. However, the relatively modest melting temperature of 54°C indicated that apoA-IV was more "fluid" than implied from the static crystal structure. Therefore, we hypothesized that one possible function of the conserved prolines might be to destabilize the bundle, which in turn would help promote lipid access to the hydrophobic core. In contrast, we predicted that a more stable and rigid four-helix bundle might have a reduced affinity for lipids because access to the hydrophobic core would be limited and the protein would favor its soluble, lipid-free state.
To investigate this possibility, we concentrated on the conserved prolines residing within the extended dimerization helix (helix B) that is interchanged or "swapped" between dimerparticipating chains. The B helices from each chain run antiparallel to each other and contain 4 proline residues (117, 139, 161, and 183) equally spaced 22 residues apart ( Fig. 1 
,B and C).
Although the helices run anti-parallel, the nature of the proline spacing invokes a fascinating symmetry that aligns them across the helices from the different chains. This creates a set of four paired prolines that we speculated could form a series of unidirectional hinges (all bending toward the bundle core) (8) . To test their function, we systematically converted these proline residues to alanine. Although there is no ideal amino acid substitution for proline, we selected alanine because of its small size, its propensity over proline to form an ␣-helical structure, its reasonable similarity in terms of polarity, and the relatively high degree of evolutionary substitution interchange between proline and alanine (34). Our expectation was that, without the "kinking" induced by proline, helix B would have a stronger helical tendency, become less segmented, and hence generate a more stable helix bundle with weaker lipid affinity.
The panel of mutants tested is outlined in Fig. 1D . We began by replacing each proline individually (single mutants). This results in two mutations per dimer, one for each apoA-IV molecule (P117A, P139A, P161A, P183A). We also generated double mutants in which opposing prolines were targeted (P117A/P183A and P139A/P161A) and one in which non-opposing prolines were mutated (P117A/P161A). Two triple mutants were generated (P117A/P139A/P161A and P139A/P161A/P183A) along with one quadruple mutant with all four prolines substituted.
ApoA-IV Oligomeric Distribution Is Altered by Proline Mutagenesis-We first analyzed each mutant after purification by SEC to determine the degree to which they self-associate (8). As we have previously described, at 4°C WT apoA-IV distributes primarily as a dimer with small amounts of monomer immediately after purification (8) . We also noticed a larger molecular weight species that eluted after the void volume ( Fig.  2A) . We previously established that the dominant peak (region 2) corresponded to dimeric apoA-IV and that region 1 corresponded to the monomeric protein by sedimentation velocity (8) . However, the higher molecular weight species in region 3 were not characterized because they tended to dissociate into the lower molecular weight forms when isolated. This is remi-FIGURE 1. Helix swap mechanism and mutant design. A, schematic representation of the helix swap responsible for dimerization of apoA-IV. The N terminus from each monomer dissociates from the four-helical bundle and forms a four-helical bundle with the adjacent monomer to form a dimer. B, an apoA-IV dimer as shown in our previously reported crystal structure (Protein Data Bank (PDB) ID 3S84) (8) . Two monomers of apoA-IV that participate in a dimeric interaction are shown in graphic form in blue (Chain A) and green (Chain B). The prolines targeted for mutagenesis are shown as yellow spheres. The panel also has a schematic of the apoA-IV dimer. The proline-punctuated helical segments on the long shared helical domain are shown in darker color with conserved proline residues indicated. C, simplified diagram showing the location of proline residues in the dimer conformation. D, schematic representations of the various single, double, triple, and quadruple (Quad) proline to alanine mutations in the dimer conformation.
niscent of apoA-I (35) and apoE (36) whose higher self-associated states can be observed under equilibrium conditions in solution, but quickly redistribute to lower self-associated forms during purification.
The single proline mutants also primarily distributed as dimer and monomer, although the contribution of the larger oligomers tended to increase slightly versus WT ( Fig. 2A, top  left) . However, the oligomeric pattern was more profoundly affected in the case of the double proline mutations. Although P117A/P183A largely resembled WT apoA-IV, P117A/P161A and P139A/P161A exhibited significant increases in the high molecular weight oligomers ( Fig. 2A, top right) . A similar shift was observed for the triple and quadruple apoA-IV mutants ( Fig. 2A, bottom right and left) . An SDS-PAGE analysis of the material eluting in regions 2 and 3 showed intact apoA-IV protein at its correct molecular mass of 44.5 kDa, thus ruling out contributions of contaminating proteins or covalent oligomers to the results (Fig. 2B) .
The increased fractional distribution of the multiple proline mutants in region 3 when compared with WT apoA-IV suggested that this species may have been stabilized by the mutations. To test this, we collected the fractions in region 3 from the quadruple mutant P117/P139A/P161A/P183A apoA-IV, concentrated them by ultrafiltration at room temperature, and then reapplied the sample to the SEC column. We found that this isolated species underwent minimal redistribution after 24 h (data not shown), indicating a stable association. This sample was characterized by sedimentation velocity (Fig. 2C) , FIGURE 2 . Extensive proline to alanine substitution in apoA-IV alters the oligomeric distribution. A, size exclusion chromatography was used to separate different apoA-IV oligomeric forms that are stable in solution. The UV absorbance trace for apoA-IV WT is compared with single, double, triple, and quadruple (Quad) point mutants. The trace is divided into three regions based on retention volume (region 1, 75-85 ml; region 2, 60 -75 ml; and region 3, 50 -60 ml). The scale of the UV traces among the different panels are comparable. mAU, milliabsorbance units. B, SDS-PAGE analysis of protein isolated from regions 3 and 2 of the proline mutants and compared with apoA-IV WT. C, a sedimentation velocity was used to determine the molecular mass of the protein isolated from region 3 from SEC of the quadruple mutant. Eight representative data fits and a residual of fit are shown.
revealing a single dominant peak with a calculated molecular mass of 115 Ϯ 9 kDa, consistent with a trimer of apoA-IV.
Proline Mutagenesis Increases the Oligomeric Stability of ApoA-IV-Using purified oligomeric species and SEC, we monitored the redistribution of the mutant apoA-IV samples over time at 37°C. Previously, we established that apoA-IV is highly stable for days in its dimeric and monomeric forms when incubated below 25°C (37) . However, at 37°C, isolated dimers redistribute to a 30:70 dimer:monomer mixture within 24 h (Fig. 3, A and E) (37) . To assess the stability of the mutants, we A, dimers of WT apoA-IV and mutant dimers. DMPC liposomes were prepared and incubated with equal masses of isolated dimers for each mutant at 24.5°C for 30 min in a visible spectrophotometer. DMPC without protein and human apoA-I were included as negative and positive controls, respectively. B and C, same experiment with isolated dimers of the double proline mutants (B) and isolated dimers of the triple proline mutants (C). D, isolated dimer and trimer from the quadruple proline mutant. E, isolated trimers from the double proline mutants. F, isolated trimers from the triple proline mutants. For all panels, the data are normalized to t ϭ 0 for each experiment (set to 1.0) and represent averaged data from three independent experiments performed on the same day. The error bars represent one sample standard deviation.
isolated the most dominant oligomeric forms adopted by the mutants and demonstrated that they were stable at 4°C (shown as the 0 h trace in Fig. 3, E-H ). The proline mutants were then incubated at 37°C for 24, 72, and 144 h and analyzed by SEC. Similar to WT, the isolated dimer of single, double, and triple proline mutants readily distributed into the monomer and dimer forms by 24 h (Fig. 3, A-C) . However, when the dimer of the quadruple proline mutation was tested, the distribution resulted in significantly more dimer than WT after 144 h with an 60:40 dimer:monomer mix (Fig. 3, C and F) . For those mutants that showed prominent trimers, we performed a similar experiment on isolated trimers. In each case, the mutants showed some degree of redistribution after 144 h. However, there were interesting differences. For example, the trimer for P117A/P139A/P161A redistributed between the trimer and monomer bands with a near complete absence of dimer (Fig. 3G) . By contrast, trimeric P117A/P139A/P161A/P183A remained largely trimeric with minimal redistribution to dimer and monomer (Fig. 3, D and H) .
Proline Mutagenesis Increases the Thermal Stability of ApoA-IV-We next determined the effect of the proline mutations on the overall secondary structure of apoA-IV in its various oligomeric states using circular dichroism. All mutants exhibited the classical shape of a highly helical protein with characteristic minima at 208 and 222 nm similar to WT apoA-IV, with minor fluctuations in the magnitude of the peaks at 208 and 222 nm (data not shown).
We next determined the effects of the proline mutations on protein stability using thermal denaturation experiments as monitored by circular dichroism. The temperature melting curve for apoA-IV is not fully reversible (data not shown), which limits the determination of thermodynamic unfolding parameters (38) . However, information can still be gleaned about the relative stability of the WT when compared with the mutant proteins by comparing the melting temperature (T m ). The melting curve for the WT apoA-IV dimer was sigmoidal with a T m of 54°C, matching previous studies (8) (Fig. 4A) . Analysis of the single proline mutations showed minor increases in T m (ranging from 55 to 57°C); however, as more proline residues were mutated to alanine, a significant increase in the T m was observed (Fig. 4A) . Most of the double mutants exhibited a T m in the range of 61-67°C with the triple mutants ranging from 66 to 73°C. The T m of the quadruple mutant was near 72°C, an increase of 18°C versus WT. We noticed that the increases in T m seemed to be more related to the number of proline substitutions in a given protein and not necessarily related to their position along the shared helix. This is illustrated in Fig. 4B in which a simple linear regression analysis suggested that each proline to alanine mutation increased the T m on average 4.6°C Ϯ 0.4. We also noted that the shape of the unfolding curve changed from the classic sigmoidal progression of WT apoA-I to a multiphasic pattern as more proline residues were substituted. This indicates that introduction of alanine for proline resulted in complicated unfolding states that cannot be explained by a single state transition.
The thermal denaturation curves also allowed us to compare the stabilizing forces between the oligomeric forms (i.e. dimers and trimers of the same mutant). With the exception of one mutant, P117A/P139A/P161A, the dimer and trimer forms of four out of five mutants shared similar denaturation curves. This suggests that the forces stabilizing the trimer appear to be similar to the dimer. This is consistent with previous findings that the monomer and dimer of apoA-IV exhibited similar melting curves (8) . However, it should be noted that we cannot rule out the possibility that the starting protein is redistributing during the experiment.
Effect of Proline Substitution on Lipid Binding and Cholesterol Efflux
Functionality-To analyze the functional implications of the proline substitutions, we performed a lipid clearance assay using DMPC. This assay measures both the ability of a given protein to associate with lipid and its ability to reorganize large multilamellar liposomes into small lipoprotein-like particles analogous to those found in plasma. This is reflected as a time-dependent decrease in light scattering from the liposomes. Fig. 5 shows that WT lipid-free apoA-IV cleared DMPC liposomes to a moderate extent versus the lipid alone, whereas apoA-I (included here as a positive control) was highly effective over the 30 min of the assay. This is consistent with numerous previous studies (39, 40) . The single proline mutants (present as dimers) showed no significant difference in their ability to clear DMPC when compared with WT (also present as a dimer), although they trended toward being slightly more effective (Fig.  5A) . The dimeric forms of the double proline mutants were also similar to WT (Fig. 5B) . Surprisingly, the trimeric forms of P117A/P183A and P139A/P161A showed a marked increase in the ability to clear DMPC, even approaching that of apoA-I FIGURE 6. Cholesterol efflux comparison of wild-type dimer apoA-IV, apoA-I, and trimer form of quadruple apoA-IV mutant. RAW 264.7 mouse macrophages were grown to confluency, exchange-labeled with tritiated free cholesterol, and treated with cAMP to up-regulate ABCA1 (see "Experimental Procedures"). After washing, test medium was applied containing 10 g/ml of each of the indicated lipid-free proteins for 6 h at 37°C. The appearance of cholesterol-based radioactivity in the medium was determined by liquid scintillation counting. Cells lacking cAMP, and therefore ABCA1 expression, were included as controls to verify ABCA1 specificity. The reported efflux values were adjusted for the minor efflux to medium containing no acceptor protein. The data represent triplicate analyses, and error bars show one sample standard deviation. The asterisk represents a significant difference from WT apoA-IV by a two-tailed Student's t test (p Ͻ 0.05). (Fig. 5E ). Both the dimeric and the trimeric forms of the triple proline mutants were also significantly more effective than WT (Fig. 5, C and F) as was both dimer and trimer of the quadruple mutant (Fig. 5D) .
We have previously shown that apoA-IV is capable of generating HDL particles via the ATP binding cassette A1 cell surface transporter in macrophages, although not as effectively as apoA-I or apoA-II (39) . Thus, we determined the cholesterol efflux ability of the trimeric quadruple mutant and compared this with WT apoA-I and apoA-IV (Fig. 6 ). This mutant was selected because of its remarkable oligomeric stability and, based on the thermodynamic studies outlined above, was predicted to remain in its trimeric state for the length of this bioassay. Interestingly, the proline substitutions enhanced the ability of apoA-IV to promote cholesterol efflux, becoming similar to that of apoA-I.
Small-angle X-ray Scattering Analysis of the Quadruple Proline Mutant-We have previously utilized small-angle x-ray diffraction (SAXS) to characterize the overall molecular shapes in solution of both the monomer and the dimer forms of WT apoA-IV. As SAXS requires a highly homogenous sample, the high stability of the quadruple proline mutant (i.e. extremely slow interconversion rate) allowed for the characterization of both the trimer and the dimer forms (Fig. 7, A-D) . Analysis of the scattering profile shows that the dimeric form has a calculated radius of gyration (R g ) of 56.7 Ϯ 1.5 Å, with a D max of 195 Å and a bimodal pairwise distance-distribution (P(r)) curve, indicating a semi-modular, rod-like structure comparable with the WT protein (Table 1) . Interestingly, the trimeric form had a significantly larger R g of 67.5 Ϯ 1.1 Å, and a D max of 225 Å. The trimer P(r) curve resembled an elongated rod with a spherical peak, as indicated by a single peak with a shoulder, significantly different from the dimer (Fig. 7B) . For both the dimer and the trimer forms, the R g , and I 0 calculated from Guinier analysis matched closely to that of P(r) curve (Table 1) , and the Kratky plots indicated that the proteins are structured (Fig. 7D) .
Based on the SAXS data, three-dimensional envelopes for both the dimer and the trimer forms were created using ab initio reconstruction (Fig. 7, E and F) . In each case, 10 independent reconstructions were generated and then averaged ( Table 1 ). The dimeric envelope revealed a long rod, similar to WT apoA-IV (37, 41), but was more segmented or kinked along the length. Surprisingly, this feature resembled a previously characterized point mutation, F334A, which also cleared DMPC effectively (7). However, unlike F334A, the quadruple proline mutant dimer is more structured when comparing their Kratky plots (37) . Strikingly, the trimer envelope showed a propeller structure with three rods radiating from a central point related by 3-fold symmetry (Fig. 7F) . The dimensions of each rod are roughly 20 Å wide and 75 Å in length, as measured from the central point to the outer tip.
Chemical Cross-linking Analysis of the Quadruple Proline Mutant-Given the high structural similarity between the apoA-IV monomer and its dimer, it was reasonable to expect that the trimer formed by the quadruple mutant might also exhibit similar intermolecular contacts. To test this, we performed a chemical cross-linking experiment on the isolated trimeric form of the quadruple proline mutant. We obtained 69 cross-linked peptides that reported about 46 distance constraints (i.e. Lys pairs) within the trimer. Most of these crosslinks were also observed in our previous study of WT ApoA-IV dimer (37) . Fig. 8 shows a contact plot of the WT apoA-IV dimer rendered from our previously proposed structure (41) . The plot shows the proximity of each residue with respect to all other residues in a two-dimensional format. The colored areas show where the residues indicated on each axis come within 20 Å of each other (i.e. close enough to be cross-linked by the reagent we used). The experimental cross-links derived in the quadruple mutant trimer are superimposed on the plot. For the most part, these fall within the colored regions and are thus highly consistent with the WT dimer structure, even when the residues are far apart in the sequence. However, there were a few cross-links that fell outside a colored region, but these could easily be consistent with the model with minor adjustments of the structure. These data strongly suggest that the intermolecular contacts within the stabilized apoA-IV trimer are similar to those in the stable WT apoA-IV dimer and its monomer.
DISCUSSION
Highly conserved proline residues have long been thought to play an important structural role in the exchangeable apolipoproteins (i.e. initiation and termination of helices); however, limited structure-function studies have been performed to explore these ideas. The reluctance of mutating proline residues likely stems from a concern of inducing large overall structural perturbations, making data interpretation difficult. These concerns, while valid, have been partially mitigated in this study by targeting specific proline residues based on the crystal structure of apoA-IV.
Given the remarkable alignment of proline residues in the long swapped helix in dimeric apoA-IV, we hypothesized that these proline residues might function as hinges and help to destabilize the helical bundle to facilitate lipid binding. Indeed, our data clearly showed that substitution of these proline residues with alanine increased the overall protein stability as measured by an increase in melting temperature, supporting that the proline residues destabilize the bundle. In addition, we also observed an increase in the preference of the dimer form In cases where Lys assignments in cross-links were ambiguous, the Lys residues with the shortest separation distance were plotted.
and higher order species versus the monomer. Our results indicate that these effects were not strictly dependent on the position of a particular proline mutation. For example, we did not find that substitution of any one proline (or even a particular pair of prolines) always resulted in changes to oligomerization or stability. Instead, these observations correlated best with the overall number of proline residues mutated in helix B. This suggests that all of these prolines work together to have a concerted effect on apoA-IV structure. However, contrary to our hypothesis, extensive proline disruption led to an unexpected increase in the ability of apoA-IV to bind to and reorganize phospholipid membranes despite the increased stability of the proteins in the thermodynamic sense. Previously, we have proposed that apoA-IV lipid affinity is regulated by a clasp mechanism where the N and C termini both interact with each other and the core bundle to limit lipid binding (39, 40, 42) . Disruption of the interaction leads to avid lipid association and the ability to solubilize phospholipid liposomes. Further insight into this mechanism was recently gained by SAXS analysis of the fast lipid-binding mutant F334A, which showed structural changes to the core helical bundle domain (37) . Interestingly, our SAXS analysis revealed apparently similar conformational changes for the quadruple proline mutant (i.e. an overall kinking of the long rod-like structure characteristic of WT apoA-IV). Therefore, it is possible that structural changes in the core could indirectly influence the clasp mechanism and increase lipid affinity despite a more stable hydrophobic core in the helical bundle. Increased lipid affinity might also arise from the stability and accumulation of the larger oligomer, which could increase the local concentration of apoA-IV to promote protein-lipid particle formation. Although the functional role of apoA-IV clasp interaction and why it has evolved to bind lipids weakly has not been resolved, it is interesting that the conserved proline residues are needed to maintain this characteristic.
Following the determination of the apoA-IV dimer structure, we suggested that the transition to the monomer was analogous to closing the blade of a pocketknife (8) . Indeed, the introduction of glycine residues into the middle of helix B (essentially oiling the hinge of the pocketknife) favors distribution to the monomeric form. In contrast, we now show that replacing the helix-disrupting proline residues with helix-promoting alanine residues favored the formation of the higher oligomeric forms. We would argue that this results from the stabilization of helix FIGURE 9 . Trimeric model apoA-IV based on the SAX data from the quadruple mutant, and possible mode of lipid accumulation. Utilizing the ab initio reconstruction, our previously generated model for the full-length monomer of apoA-IV (41), and the crystal structure (3S84) (8) of apoA-IV, we propose that the domain swap mechanism responsible for dimerization can also result in a trimer. The atomic trimer model was superimposed onto both the averaged and the filtered ab initio molecular envelopes using SUPCOMB (33) with an normalized spatial discrepancy value of 5.4 and 2.5, respectively. Invoking a similar mechanism as described previously (8) , swinging away the helical arms (indicated by the dashed line) would expose the hydrophobic core to promote lipid sequestration. Due to the segmentation of proline, glycine, and serine residues, which could provide curvature, it is possible to envision a spherical particle resulting.
B, which can stay more extended in the dimer and trimer forms versus the monomer. The reason for preference for the trimer over the dimer for several of the mutants is currently unclear, but is most likely concentration-dependent.
The increase in stability of the proline mutants, particularly the quadruple mutant, provided an opportunity to characterize a stable trimeric apolipoprotein species for the first time. The SAXS data indicated a propeller-like structure, whereas the cross-linking data were strikingly similar to the intra-and intermolecular patterns we previously observed for the WT dimer and similar to the intramolecular patterns found in isolated WT monomers (37) . A logical interpretation is that all three oligomeric states are built upon similar molecular interactions. Because both the monomer and the dimer form a robust fourhelix bundle, we propose that each blade of the trimer propeller is a four-helix bundle. Furthermore, because apoA-IV dimerization is achieved by swapping one of the helices in the bundle (8) , it follows that a similar domain-swap mechanism accounts for the trimer. Here, instead of two chains reciprocally swapping a B helix in the dimer, each chain accepts and donates a helix from a different polypeptide in a daisy chain-like fashion. The propeller structure could be generated by a slight bend in the center of the shared helix such that each apoA-IV molecule is bent 120°. This concept is illustrated in Fig. 9 where the extended helix of chain 1 (orange) swaps with chain 2 (green), chain 2 swaps with chain 3 (blue), and chain 3 swaps with chain 1 to close the formation. Note that all intermolecular interactions occurring in the trimer also occur in an identical fashion in the dimer, except that each molecule is swapping with two partners versus one. This concept allows for the straightforward visualization of higher order oligomers such as tetramers in which an additional molecule is added to the chain, requiring only a minor adjustment in the bend angle of the participating polypeptides. Interestingly, this is reminiscent of the Trefoil model of apoA-I in spherical HDL particles, which can account for up to five molecules on the surface of a lipoprotein through a similar helix-swapping paradigm (43) . If our ideas are correct, these helix-swapping connections may represent a common mode of interaction that may apply to apolipoproteins beyond apoA-IV and apoA-I.
Three-dimensionally, the trimer model also suggests a mechanism for how HDL can transition from a disc to a sphere through additional self-association. Previously, we proposed a mechanism for how dimeric apoA-IV can emulsify lipids to create a disk-like particle by swinging open a pair of helical arms that fold across the swapped helical backbone (8) . In the case of a trimer, the same swinging action can be applied to open the hydrophobic core and allow for lipid binding. This creates a spherical cavity for lipid without changing the molecular interactions within and between apoA-IV molecules (Fig. 9) . Although speculative, preliminary experiments in our laboratory and the results of others substantiate the existence of spherical HDL particles that exclusively contain apoA-IV in human plasma. Future studies will be directed at isolating and studying the structure of these particles. It will also be interesting to determine whether similar self-association assemblies also occur for apoA-I as a similar helix-swapping theme was also identified with apoA-I crystal structure of the N-terminal fragment (9) or whether the proline residues in apoA-I also play a role in regulating its oligomeric state. Furthermore, as HDL particles can contain a large number of apolipoprotein chains, it will be important to determine whether the "swapping mechanism" is a driving force that facilitates the accumulation of additional chains to an HDL particle.
